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Abstract MetJ is a member of the ribbon-helix-helix class of
DNA-binding proteins whose a⁄nity for operators is apparently
controlled by an unprecedented long-range electrostatic e¡ect
from the tertiary sulphur atom of its co-repressor, S-adenosyl
methionine. We report here the results of kinetic assays of DNA
binding with MetJ mutant proteins having altered net charges.
The results (a) suggest that MetJ locates its operators via a
sliding mechanism, (b) support the idea that electrostatic steer-
ing is important in the initial DNA binding event and (c) high-
light the sensitivity of this system to electrostatic e¡ects.
& 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
The Escherichia coli methionine repressor, MetJ, controls
transcriptional initiation at at least eight operons regulating
genes for biosynthetic enzymes [1] and was the ¢rst structur-
ally characterised member of the ribbon-helix-helix (RHH)
(see Fig. 1a) family of DNA-binding proteins [2^4]. MetJ ex-
ists as a homo-dimer in solution. Binding of a co-repressor, S-
adenosylmethionine (AdoMet), to the face of each monomer
opposite the DNA-binding motif increases the a⁄nity for op-
erators by at least 100-fold [5^7]. This is believed to be due to
an unprecedented long-range electrostatic e¡ect, the ‘electric
genetic switch’, emanating from the positive charge on the
tertiary sulphur atoms of the AdoMets [8,9]. Operator regions
to which the holo-repressor binds consist of between two and
¢ve tandem repeats of an 8-bp sequence known as a met-box
(consensus= dAGACGTCT). The minimal stable repression
complex in vitro comprises two MetJ dimers bound to two
adjacent met-boxes [3,5,10]. High-resolution crystal structures
and functional studies [2,3,10^13] have suggested how se-
quence speci¢city in this system is achieved. Sequence-speci¢c
contacts to the edges of DNA base pairs in the major grooves
of the operator are made by amino acid side chains from the
anti-parallel L-ribbon [3,12]. Sequence-dependent distortions
of the phosphodiester backbone also play important roles,
allowing increased contact between the DNA and the repres-
sors, and orientating the repressors so that adjacent dimers
can make protein^protein interactions via their A-helices.
Since the protein has a distinct charge distribution across its
surface, the C-terminal helical face being largely negatively
charged, whilst the L-ribbon face is mildly positive, and be-
cause the co-repressor e¡ect appears solely to be electrostatic
in origin, we expected this protein to be extremely sensitive to
electrostatic e¡ects caused by mutation. We have therefore
created a series of site-directed mutants to explore the role(s)
of surface charges in operator binding. All the mutations have
the result of decreasing the overall negative charge (36 for
wild-type) on the repressor (Fig. 1a) and are distributed on
the L-ribbon face (Q44K and N53K); in the ‘middle’ of the
protein (E79K and S81K), or on the co-repressor-binding face
(D72R/E94R). Additionally, in order to investigate the possi-
ble role(s) of the C-terminal helix that is not present in other
RHH proteins, a protein truncated at position 83 (E83stp) has
been produced. This position corresponds roughly to the C-
terminal residue of the P22 Arc repressor, another member of
the RHH family [4,14]. The mutant proteins have been over-
expressed, puri¢ed and their kinetics of binding to DNA de-
termined in vitro using an optical biosensor [9,15,16].
2. Materials and methods
2.1. Mutagenesis and protein puri¢cation
Site-directed mutagenesis was performed using standard techniques
[12]. E83stp was expressed in BL21DE3 (F3 ompT r3Bm
3
B (DE3), Cm
r)
[17]. All other mutants were over-expressed in the E. coli metJ3 strain
GT1008 (xyl, ilvA, vlacX74, srl : :Tn10, met185am) [18,19]. Mutant
repressors were puri¢ed and quantitated as described [9,12] or by a
slight modi¢cation using a mimetic green a⁄nity matrix (A⁄nity
Chromatography) and size exclusion chromatography.
2.2. Biosensor experiments
The biosensor experiments were carried out using a BIACORE2000
instrument to monitor kinetics by surface plasmon resonance (SPR) as
previously described [9,15,16,20]. The bu¡er used was TKE (20 mM
Tris^HCl pH 7.4, 250 mM KCl, 0.5 mM EDTA, 0.0005% v/v Tween
20), unless otherwise stated. The repressor was diluted in the exper-
imental bu¡er containing saturating levels of co-repressor. To mea-
sure the dissociation in the presence of co-repressor, an injection
command was used which allows two consecutive injections of sample
with no intermediate delay. The ¢rst injection was of repressor plus
co-repressor (30 Wl) and the second was of co-repressor alone (30 Wl),
i.e. the DNA binding and dissociation of the holo-repressor was mea-
sured. At the end of each experiment the DNA surface was regener-
ated by an injection of 15 Wl 0.05% w/v sodium dodecyl sulfate (SDS).
A £ow rate of 30 Wl/min was used at 25‡C and the response values
were recorded at 0.2-s intervals. Binding experiments were carried out
in triplicate and the data were corrected for background binding by
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subtracting the sensorgrams produced by injecting identical protein
samples across an underivatised, adjacent reference £ow cell. The
data were analysed using the linear kinetic analysis in the BIAevalua-
tion software package [21,22]. The reaction between immobilised
DNA and repressor was assumed to follow pseudo-¢rst-order kinetics
described by the equation
dR=dt ¼ kassC ðRmax3RÞ3kdissR ð1Þ
where dR/dt is the rate of complex formation, kass is the apparent
association rate constant, kdiss is the apparent dissociation rate con-
stant, R is the amount of bound repressor, Rmax is the maximum
repressor binding capacity of the surface, and C is the repressor con-
centration in the solution.
Rearranging Eq. 1 shows that the derivative of the binding curve is
a linear function of the response.
dR=dt ¼ kassCRmax3ðkassC þ kdissÞR
In theory kass and kdiss can be calculated by plotting dR/dt vs R.
Determination of Rmax however requires prohibitively high concentra-
tions of protein. To circumvent this problem plots of dR/dt are made
for a range of protein concentrations. The slopes ks, from each of
these lines are plotted against C where
3ks ¼ kassC þ kdiss
The slope of this line yields the apparent association rate constant and
the y-intercept the apparent dissociation rate constant. However, for
low values of kdiss the intercept is too close to the origin to allow
accurate determination. During the dissociation phase, when bu¡er
plus e¡ector has replaced the repressor solution, the concentration
of repressor e¡ectively drops to zero if there is no signi¢cant rebinding
and then Eq. 1 becomes
dR=dt ¼ 3kdissR or lnðR0=RnÞ ¼ kdissðtn3t0Þ
where R0, Rn, t0 and tn are values obtained along the dissociation
curve at times 0 and n. The apparent dissociation rate constant can be
obtained from the slope of the line ln(R0/Rn) vs (tn3t0). To minimise
complications due to rebinding as the concentration of complex falls
we only analysed the initial phase of these dissociation curves. The
ratio of the apparent rate constants allows the apparent equilibrium
constant to be calculated, Kd0 = kdiss/kass. When values of Kd0 were
Fig. 1. Characterisation of the mutant repressors studied. a: Cartoon representation of a single repressor dimer bound to a single met-box
(framework model) within the higher-order complex (PDB 1cma) [3]. The positions of the mutated side chains are shown as stick models on a
ribbon backbone of a single repressor dimer (chains in light and dark grey). AdoMet omitted for clarity. b: Gel characterisation of mutant re-
pressors. Top: sodium dodecyl sulfate^polyacrylamide gel electrophoresis, labels to the left are molecular weight standards in kDa; bottom: na-
tive gel.
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calculated from kass and kdiss the errors of Kd0 (EKd0 ) were calculated
from the errors of kass (Ekass) and kdiss (Ekdiss) using:
EKd0 ¼ Kd0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ekdiss
kdiss
 2
þ Ekass
kass
 2s
Under the assay conditions used here we have shown previously
[9,15,16] that this is a valid description of the formation of the
MetJ repression complex, even though it is not a simple 1:1 species.
The resultant Kd0 values (V2.5 nM) from SPR assays compare well to
those derived by nitrocellulose ¢lter binding, gel retardation [5] or
£uorescence anisotropy (unpublished) that all yield values V4 nM.
3. Results and discussion
3.1. Mutagenesis and protein puri¢cation
Previously we showed that two single amino acid muta-
tions (E94R and D72R) give rise to proteins that exhibit
unexpected DNA-binding behaviour [12]. In order to exam-
ine these e¡ects in more detail the double mutant (E94R/
D72R) was produced, together with point mutations to in-
troduce additional positive charges throughout the protein,
as discussed above. Both neutral and acidic side chains were
chosen for mutation leading to net charge changes of +2 to
+4 per repressor dimer. The double and truncated mutants
have net charge changes of +8 and +6, respectively. Con-
ventional site-directed mutagenesis protocols were used and
the mutant repressor genes expressed in a metJ3 strain and
puri¢ed to homogeneity. The behaviour of the mutant pro-
teins during chromatography was generally consistent with
expectations based on their net charge changes. Puri¢ed pro-
teins were analysed on both SDS and native polyacrylamide
gels and showed the expected mobilities under these condi-
tions (Fig. 1b). The mobilities of the double and truncated
mutants could not be compared in non-denaturing condi-
tions because their overall charges are either opposite to
that of the wild-type protein (36) or zero. The molecular
mass of the E83stp mutant protein was con¢rmed by mass
spectrometry.
The circular dichroism spectra of a number of the mutant
proteins were essentially super-imposable with the wild-type
between 190 and 230 nm [23]. The thermal stability of a num-
ber of the puri¢ed proteins was also determined using di¡er-
ential scanning calorimetry [24]. Mutation resulted in only
very modest (2^4‡C) changes in Tm compared to wild-type
(53.2‡C), which is signi¢cantly above the temperature of the
experiments described here, suggesting that dimer assembly/
folding was also largely una¡ected. This conclusion has been
con¢rmed for two of the mutants (Q44K and N53K) by struc-
ture determination [10,25].
3.2. The co-repressor requirements of the mutant repressors
Repressor binding was studied to three DNAs: (1) a 79-bp
fragment that encompasses two tandem, consensus met-boxes
£anked by two 8-bp anti-met-boxes [5], that are designed to
reduce extended binding outside the operator site (PCA); (2)
an identical 79-bp fragment in which the 16 bp corresponding
to the two met-boxes were replaced with 16 random nucleo-
tides, i.e. a degenerate mixture (16N) and (3) a 71-bp fragment
in which the two met-boxes were replaced by an 8-bp single
met-box (SMB). These fragments were ampli¢ed from tem-
plates using polymerase chain reaction with a primer carrying
a terminal biotin residue. The products were immobilised on
commercial streptavidin-containing sensor chips and repressor
binding analysed using the SPR assay described previously
[9,15,16].
Prior to determining the DNA a⁄nities for the mutants, the
co-repressor requirement of each protein was determined [9]
by monitoring the interaction of 200 nM repressor dimer
with the PCA operator in the presence of varying AdoMet
concentrations (62 WM^4 mM). DNA binding by all the mu-
tant repressors was enhanced by the presence of AdoMet and
they all had di¡erent DNA-binding properties compared to
wild-type repressor. At 1 mM AdoMet, however, all of the
mutants had roughly similar RU responses and so this con-
centration was adopted for all subsequent binding assays.
Note that the SPR assay measures the association and disso-
ciation of the holo-repressor minimising any di¡erences due to
altered AdoMet binding by the mutants.
3.3. The mechanism of operator site location
The mechanism of operator site location by MetJ was then
investigated. For sequence-speci¢c DNA-binding proteins this
is believed to occur via two processes. The ¢rst is a collisional
interaction between the protein from solution and a DNA
fragment containing the speci¢c binding site. The second is
a rearrangement of this complex to form the speci¢cally
bound species via a facilitated di¡usion event, resulting in
formation of the repression complex more rapidly than al-
lowed by simple di¡usion. The latter can occur by non-se-
quence-speci¢c, one-dimensional sliding along the DNA du-
plex, three-dimensional hopping along the duplex, where the
protein is never fully released from the e¡ect of the DNA, or
by intersegment transfer in which the protein transiently binds
two DNA duplexes simultaneously [26]. These mechanisms
can be distinguished experimentally by measuring the appar-
ent association rate (kass) of the wild-type protein with the
PCA fragment at di¡ering salt concentrations. Table 1 lists
the apparent kass and kdiss values obtained, whilst Fig. 2 shows
a plot of log(kass) vs log[KCl]. The latter has the typical ‘bell
shape’ expected for a sliding mechanism [26]. Sliding is also
sensitive to the length of the DNA fragment containing the
target site, so the experiments were repeated with fragments
encompassing the PCA operator but 121 or 248 bp in length.
The kass values in both cases increased signi¢cantly, as ex-
pected for sliding, but were so close to the detection limit of
the BIAcore that further analysis in terms of a plot of kass vs
[KCl] was not possible. Thus although MetJ is a dimer in
solution [27] and is believed to form the higher-order com-
plexes only on the DNA, it behaves in a manner similar to
Table 1
Salt dependence of DNA-binding kinetics by MetJ
KCl (mM) kdiss
(U1033 s31)
kass
(U105 M31 s31)
Kd0 (nM)
150 5.5 U 1.0 6.0 U 1.0 9.16U 2.26
200 5.2 U 1.0 12.0U 1.4 4.33U 0.97
250 6.9 U 0.5 20.0U 1.0 3.45U 0.30
300 7.4 U 0.8 12.0U 6.0 6.16U 3.16
350 5.8 U 0.4 8.0 U 0.6 7.25U 0.74
400 4.2 U 0.9 6.0 U 0.3 7.00U 1.54
450 5.2 U 0.6 6.0 U 1.0 8.66U 1.76
The apparent rate constants were determined as described in Section
2. U represents the standard error calculated by the software and
was used throughout to calculate errors on derived values, i.e. Kd0 .
The data represent the results of multiple injections of at least six
protein concentrations, in triplicate.
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other DNA-binding proteins by locating its sequence-speci¢c
target after initially binding non-speci¢cally and then sliding
on the DNA. Note, estimation of the kass value, via a modi-
¢ed Smoluchowski equation [26], yields a result close to those
observed under SPR assay conditions for the 79-bp fragment.
This is the expected result on a short DNA fragment where
the e¡ect of sliding is limited. The values obtained with the
longer DNAs are consistent with an increasing contribution of
sliding.
In principle, MetJ could also participate in intersegment
transfer because the C-terminal helices have homology to
the ¢rst helix of a helix-turn-helix motif and, in a dimer,
they are located V34 AV apart, leading to an initial proposal
that they might be part of the DNA-binding motif [2]. How-
ever, it was not possible to operate the SPR assay in condi-
tions to detect such intersegment transfer. Instead we deter-
mined the a⁄nity of the truncated mutant to see if the loss of
the C-terminal helices a¡ected binding. In the binding bu¡er
containing 250 mM KCl, E83stp rapidly lost DNA-binding
activity. This problem was overcome by increasing the KCl
concentration to 350 mM, under which conditions the trun-
cated protein bound speci¢cally to the PCA fragment consis-
tent with formation of a dimer of dimers. Sensorgrams were
also recorded for wild-type protein in this bu¡er (Fig. 3). The
apparent kinetic constants for binding (Table 2) suggest that
removal of the C-terminal helices has little or no e¡ect on
operator binding under these conditions and e¡ectively rules
out intersegment transfer as part of the mechanism of oper-
ator site location. It also suggests that the overall charge on
the protein (0 for the E83stp mutant) has little e¡ect on DNA
binding. In 350 mM KCl, however, the a⁄nity of the wild-
type repressor was decreased four-fold due both to a reduced
kass and an increased kdiss, con¢rming that the interaction has
an electrostatic component.
3.4. The e¡ect of charge changes on operator binding kinetics
and speci¢city
SPR sensorgrams were then recorded (left panels of Fig. 3)
for the binding of all the other mutant proteins to all three
target sites over a wide range of protein concentrations (60^
2000 nM MetJ dimer). As reported previously [9,15,16] for the
wild-type protein, the protein^protein co-operativity in this
system is such that linear kinetic assumptions can be used.
This also appears to be true for the mutants (right panels of
Fig. 3). In all cases the dissociation phases were biphasic as
Fig. 2. E¡ect of salt concentration on binding of wild-type repres-
sor. Plot of log(kass) vs log([KCl]) for the binding of wild-type MetJ
to the PCA fragment. Units of kass are M31 s31.
Fig. 3. SPR kinetic analysis. Left: Corrected sensorgrams showing the binding of wild-type and mutant repressors to PCA DNA. The sensor-
grams are from one of three binding experiments used to calculate the kinetic constants. Right: Linear plots of ks vs concentration.
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observed previously, due to the e¡ect of increased rebinding
as dissociation proceeds [9,15]. The initial phases of the dis-
sociation plots were used to calculate values for kdiss. kass was
calculated from the linear plots of ks vs concentration. The
resultant apparent kinetic constants are listed in Table 2. With
the exceptions of the double and truncated mutants, whose
binding curves failed to reach saturation under the experimen-
tal conditions, it was possible to estimate the relative stoichi-
ometries of the complexes being formed with the PCA frag-
ment by comparison to the wild-type repressor. In each case,
the data were consistent with formation of a dimer of dimers.
In most cases the e¡ects of mutation on a⁄nity were rela-
tively modest. Although mutant N53K had a lower apparent
a⁄nity than wild-type, it actually had a higher on-rate
(V2U). Its apparent o¡-rate was, however, much greater
(V6U). This is consistent with the X-ray structure of the
N53K^PCA complex [25] which shows that the introduced
lysine side chain makes a fortuitous inter-dimer contact with
glutamine 44 of its neighbour, suggesting that formation of
the higher-order complex is more favourable and hence kass is
higher. The reduced stability of the complex formed, as
judged from the sharply increased o¡-rate, may re£ect the
loss of extended DNA^protein hydrogen bonds from one of
the repressor loops which becomes less ordered.
Q44K has essentially wild-type a⁄nity consistent with pre-
vious gel retardation and ¢lter-binding assays [10]. Crystal
structures show that the lysine in this position can make an
additional contact to the DNA phosphodiester backbone, sta-
bilising the presumed intermediate of a single dimer bound to
a single met-box site [10,11]. It also reduces the apparent
protein^protein co-operativity by partially trapping a species
that needs to undergo conformational change to form the
higher-order complex. As expected there is a signi¢cant con-
tribution to overall binding energy from forming the larger
complex resulting in a signi¢cantly higher o¡-rate in the single
dimer complex. Unexpectedly, N53K also binds to the SMB
site. The X-ray structure of the higher-order complex in this
case [25] does not explain this behaviour but perhaps the
lysine at position 53 can make a stabilising contact to the
backbone of the DNA, analogous to that seen with Q44K,
in the intermediate complex. Mutants E79K and S81K had
similar a⁄nities that were approximately half that of the wild-
type protein. This is due primarily to e¡ects on the on-rate.
The double mutant, D72R/E94R, was the most a¡ected with
an a⁄nity V15U lower than wild-type. Once again this is
primarily the result of changes to the on-rate.
Since the C-terminal helix face of the repressor is not ap-
parently directly involved in operator binding, these e¡ects of
mutations away from the L-ribbon DNA-binding face must
arise from an indirect mechanism. A plausible explanation for
these phenotypes comes from a consideration of the charge
distribution over the surface of the protein. As mentioned
above, MetJ is an extremely bipolar molecule [8]. Such a
charge distribution might assist the orientation of the repres-
sor during the initial collision with DNA, facilitating the in-
teraction of the L-ribbon motif with the major groove. The
E79K, S81K and D72R/E94R mutations increase the positive
charge away from the N-terminal face thus disrupting this
e¡ect. This would lead to the predictions that the on-rates
for such mutant repressors would be lower than for wild-
type, whilst the o¡-rates might be una¡ected because the
charges distal to the N-terminal face are too far away to be
detected at the DNA-binding motif. Precisely such behaviour
is seen (Table 2). Since simple removal of the C-terminal
helices yielding a repressor with fewer negatively charged res-
idues on that face fails to show a similar e¡ect, it is clear that
the creation of positively charged patches away from the N-
terminal face is the origin of the reduced a⁄nity.
With the exceptions of Q44K and N53K binding to the
SMB target, mutant binding to the SMB and 16N targets
did not follow linear kinetics, although under the experimen-
tal conditions the SPR responses of Q44K, N53K, E79K and
S81K appeared to reach saturation. Thus it is possible to
examine what appears to be non-speci¢c DNA binding in
the SPR assay. Relative-binding plots were therefore con-
structed (Fig. 4) in which the extent of binding of each mutant
to the target at each concentration could be compared directly
to that of wild-type. At the lower protein concentrations all
Table 2
Kinetics of operator binding by charge-change mutants
Repressor Net charge change kdiss (U1033 s31) kass (U106 M31 s31) Kd0 (nM) Relative a⁄nity (%)
250 mM KCl
Wild-type 0 8.5 U 0.6 3.2 U 0.27 2.66U 0.29 100
L-strand mutants
Q44K +2 14U 1.4 3.3 U 0.46 4.24U 0.73 63
N53K +2 48U 4.0 7.2 U 1.70 6.67U 1.67 40
‘Middle’
E79K +4 10U 1.4 1.7 U 0.10 5.88U 0.89 45
S81K +2 10U 0.6 1.7 U 0.32 5.88U 1.16 45
C-helix face
D72R/E94R +8 7.6U 0.2 0.18U 0.01 42.22U 2.60 6
350 mM KCl
Wild-type 0 12.5U 2.9 1.1 U 0.03 11.36U 2.65 100
C-helix face
E83stp +6 12.9U 4.4 0.9 U 0.10 14.33U 4.89 80a
SMB bindingb
Q44K +2 120U 16 1.55U 0.04 77.42U 10.51 ^
N53K +2 124U 10 0.8 U 0.07 155.00U 18.44 ^
The apparent rate constants for the interaction of the wild-type and mutant repressors with the PCA fragment are listed. The approximate rela-
tive a⁄nity is given as a percentage of wild-type repressor under the same experimental conditions. The data were derived from a single sensor
chip allowing comparison of binding to the identical DNA fragment.
aRelative to wild-type in 350 mM KCl.
bIn 250 ml KCL.
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the mutants showed increased binding relative to the wild-type
repressor, suggesting that all the charge-change mutants have
reduced sequence speci¢city. This is consistent with our earlier
explanation of the phenotypes of the D72R and E94R mutant
repressors in ¢lter-binding assays [12].
Charge-change mutants have been reported in other repres-
sors, such as TrpR and lambda cI, leading to altered pheno-
types both in vivo and in vitro [28,29]. These e¡ects have been
determined to be due to alterations in oligomerisation, protein
folding and/or ligand binding. Here the use of the SPR assay,
which allows rapid analysis of co-repressor dependence, the
kinetics of DNA binding and stoichiometry, has allowed us to
characterise a range of such mutants in the MetJ system in
greater detail than before. In the MetJ system an electrostatic
interaction appears to control the co-repressor e¡ect but this
represents onlyV20% of the overall binding energy [10]. The
e¡ect is a long-range one since the AdoMet binds on the face
distal to the DNA-binding motif. However, the AdoMet bind-
ing site appears to screen the charge on the tertiary sulphur
from the solvent, thus maximising this long-range e¡ect. Sim-
ply adding positively charged amino acid residues that are in
contact with solvent to this face does not remove the need for
co-repressor. However, as expected for a system whose oper-
ator a⁄nity is controlled by charge^charge interactions, addi-
tion of positively charged side chains can lead to dramatic
e¡ects. On the DNA-binding face this can stabilise intermedi-
ates in complex formation.
Mutations away from the N-terminal face appear to cause
e¡ects indirectly by disruption of events on the pathway to
operator site location. Collisional electrostatic steering of
complex formation is well documented for protein^protein
and protein^ligand interactions [30] in which an initial en-
counter complex rearranges to a stable species depending on
the mutual orientation of its components. Both the rate of
collision and the orientation of the partners can be a¡ected
by long-range electrostatic interactions. Such e¡ects would
explain the changes to the on-rate observed here. Once orien-
tated and non-speci¢cally bound to DNA we assume that
sliding to the operator would occur normally. To our knowl-
edge this is the ¢rst time that such clear evidence for such an
e¡ect has been reported for a DNA-binding protein. The in
vitro phenotypes de¢ned here will be vital for the interpreta-
tion of transcriptome assays with MetJ mutants (Marincs et
al., in progress).
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